We demonstrate the surface plasmon ͑SP͒ enhanced green light-emitting diodes ͑LEDs͒. The Au nanoparticles were embedded in the p-GaN of LEDs. The photoluminescence and electroluminescence measurements showed improved optical properties of LEDs with Au nanoparticles due to an increase in the spontaneous emission rate by resonance coupling between the excitons in multiple quantum wells and localized surface plasmons in Au nanoparticles. In recent years, there has been remarkably rapid progress in the development of high brightness light-emitting diodes ͑LEDs͒ based on InGaN/GaN multiple quantum wells ͑MQW͒. However, green LEDs have much lower internal quantum efficiency ͑ int ͒ compared to blue LEDs. Among many recent approaches to the improvement of int , the increase of radiative recombination rate by coupling QW to surface plasmons ͑SPs͒ has been actively studied for the fabrication of high efficiency LEDs.
In recent years, there has been remarkably rapid progress in the development of high brightness light-emitting diodes ͑LEDs͒ based on InGaN/GaN multiple quantum wells ͑MQW͒. However, green LEDs have much lower internal quantum efficiency ͑ int ͒ compared to blue LEDs. Among many recent approaches to the improvement of int , the increase of radiative recombination rate by coupling QW to surface plasmons ͑SPs͒ has been actively studied for the fabrication of high efficiency LEDs. [1] [2] [3] [4] [5] [6] [7] Surface plasmons are the collective oscillations of free electrons in a metal at the interfaces between metals and dielectrics. Specifically, the collective oscillations of electrons in noble metal nanoparticles embedded in a dielectric matrix are localized surface plasmons ͑LSPs͒. The overlap of local electromagnetic field with the excitons in QW results in a coupling effect of effective energy transfer from the excitons in QW into LSP for emission, creating an alternative emission channel. 1, 2 In this letter, we demonstrate the SP-enhanced green LEDs using Au nanoparticles embedded in p-GaN layer.
The green InGaN/GaN LEDs were grown on a c-plane ͑0001͒ sapphire by metal-organic chemical vapor deposition ͑MOCVD͒. Figure 1͑a͒ shows a schematic of SP-enhanced green LEDs with Au nanoparticles. After the growth of a 25-nm-thick GaN nucleation layer at 550°C, a 2-m-thick undoped GaN layer and a 2-m-thick Si-doped n-type GaN layer with a doping level of 4 ϫ 10 18 cm −3 were grown at 1020°C. The five periods of InGaN/GaN MQW were subsequently grown at 730°C, followed by a 20-nm-thick p-GaN layer grown at 970°C as a spacer layer. The thicknesses of the InGaN QWs and the GaN barriers are 3 and 12 nm, respectively, and the In content in InGaN QW is 28%. The samples were taken out of the MOCVD growth chamber and a 0.2-nm-thick Au layer was deposited on the 20-nm-thick p-GaN spacer layer by electron-beam evaporation. In this study, the distance between the QW and the Au nanoparticles was controlled by the thickness of the p-GaN spacer layer. The penetration depth of the SP fringing field into the semiconductor is calculated by Z = / 2͓͑ GaN 
, where GaN Ј and Au Ј are the real parts of the dielectric constants of semiconductor and metal. 1 The penetration depth is estimated to be 64 nm for QW-SP coupling at an emission energy of 2.4 eV ͑517 nm͒ of a green LED when the real parts of the dielectric constants of GaN 8 and Au metal 9 are used. Therefore, a 20-nm-thick p-GaN layer was used as a spacer layer to get a strong resonant coupling between the excitons and the LSP. After the thermal annealing of Au layer at 800°C for 3 min in the MOCVD chamber, a 30-nm-thick p-GaN layer was deposited on the Au nanoparticles at 800°C for 1.5 min as a capping layer and a a͒ Author to whom all correspondence should be addressed. Electronic mail: sjpark@gist.ac.kr. was then obtained after thermal annealing. Finally, SPenhanced LEDs were fabricated and the detailed procedure for fabrication of the LEDs with a size of 300ϫ 300 m 2 was reported elsewhere. 7 Figures 1͑b͒ and 1͑c͒ show atomic force microscopy ͑AFM͒ images of Au layer deposited on the p-GaN spacer layer before and after thermal annealing. As shown in Fig. 1͑b͒ , the surface of an as-deposited 0.2-nm-thick Au layer is smooth and featureless. However, the thin Au layer is transformed into nanoparticles and the size is increased by thermal annealing via the Ostwald ripening process, as shown in Fig. 1͑c͒ . The average diameter and height of the Au nanoparticles on the p-GaN spacer layer are 80Ϯ 20 and 8 Ϯ 5 nm, respectively. After the overgrowth of a 150-nm-thick p-GaN layer, the Au nanoparticles are fully covered by the p-GaN epilayer. The root mean square ͑rms͒ roughness of the p-GaN epilayer with Au nanoparticles is 0.33 nm and this value is very close to 0.32 nm of the asgrown p-GaN epilayer without having Au nanoparticles. In a previous study, the SP-enhanced blue LEDs with Ag nanoparticles showed larger rms roughness of 0.5 nm and a surface pit density of 3 ϫ 10 9 cm −2 compared to that of the as-grown p-GaN layers without having Ag nanoparticles. 7 In the case of the Au nanoparticles, however, the overgrown p-GaN layer on the Au nanoparticles, even with a high density of metal nanoparticles, shows a surface pit density of 2 ϫ 10 8 cm −2 , which is very similar to as-grown p-GaN layer because the Au nanoparticles are thermally and chemically more stable than Ag nanoparticles. 10 Figures 2͑a͒ and 2͑b͒ show the room temperature PL spectra and wavelength-dependent PL enhancement curve of InGaN/GaN MQW LEDs with and without Au nanoparticles in the p-GaN layer, respectively. As shown in Fig. 2͑a͒ , the PL intensity of the InGaN/GaN MQW LEDs with Au nanoparticles is much higher than that of the LEDs without Au nanoparticles. This enhancement can be attributed to the coupling between the exciton in the MQW and the LSP due to the charge density oscillations of confined SP modes in the Au nanoparticles. 1, 7 In particular, the blueshift of PL peak of MQW with Au nanoparticles indicates the existence of a QW-LSP coupling process. As the inset of Fig. 2͑b͒ shows, the extinction spectrum of the Au nanoparticles embedded in the p-GaN layer exhibits an absorption peak at 517 nm, which resulted from extinction by the excitation of dipole plasmon modes in the Au nanoparticles. The similar peak positions of PL enhancement, as shown in Fig. 2͑b͒, and extinction by Au nanoparticles embedded in the p-GaN layer indicate that the PL enhancement is due to an increase in the spontaneous recombination rate of the excitons in MQW through QW-LSP coupling. 1, 7 Therefore, the enhanced PL intensity and blueshift of the PL peak are due to the QW-LSP coupling by Au nanoparticles. 4 To further investigate the coupling mechanism, time-resolved PL ͑TR-PL͒ measurement was performed. The pulse width, wavelength, and repetition rate were chosen as 150 fs, 370 nm, and 76 MHz, respectively. The measurement was performed at 10 K to remove the nonradiative recombination process that competes with the SP coupling. Figure 2͑c͒ shows the low temperature TR-PL spectra of InGaN/GaN MQW LEDs with and without Au nanoparticles in the p-GaN layer. To examine the coupling between excitons in MQW and the LSP of Au nanoparticles, the fast part of each decay curve was fitted with a monoexponential decay model. The decay lifetime is defined such that the ideal radiative decay curve can be shown as I ͑t͒ = Ae −t/ , where A is the normalization constant. The effective exciton lifetime of an InGaN/GaN MQW LED with Au nanoparticles is 30 ns, while that of LED without Au nanoparticles is 51.3 ns. The faster decay time for LED with Au nanoparticles is attributed to the coupling of MQW with LSP in the Au nanoparticles. When the energy of excitons in QW is close to the electron vibrational energy of the LSP in the Au nanoparticles, exciton energy can transfer to the LSP and a new recombination path is created, resulting in an increased recombination rate. 
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in p-GaN is 3.7 V, which is the same as the forward voltage of 3.7 V of LED without Au nanoparticles. The series resistance of 16.6 ⍀ of LED with Au nanoparticles is very close to 16.9 ⍀ of LED without Au nanoparticles. These results indicate that the Au nanoparticles embedded in p-GaN do not degrade the electrical properties. To examine the reverse current characteristics of LEDs, the I-V curves are plotted on a semilogarithmic scale as shown in the inset of Fig. 3 . Even though both LEDs show low reverse currents, the SPenhanced green LED with Au nanoparticles shows a reversebias leakage current of 3 ϫ 10 −8 A at Ϫ10 V, which is slightly higher than 1 ϫ 10 −8 A of green LEDs without Au nanoparticles. The slight increase of reverse-bias leakage current is attributed to a p-GaN capping layer which was grown on Au nanoparticles at a relatively lower growth temperature. Figure 4͑a͒ shows the electroluminescence ͑EL͒ spectra of green LEDs with and without Au nanoparticles at the injection currents of 20 and 100 mA. As shown in Fig. 4͑a͒ , the EL intensities of green LEDs with Au nanoparticles are much higher than those of LEDs without Au nanoparticles. This result is attributed to an increase in the spontaneous recombination rate of the excitons in MQW through QW-LSP coupling. 1, 7 Furthermore, the EL peak shift toward a higher energy side with increasing the injection current is due to a screening effect of the polarization-induced electric field by carriers and to the band-filling effect of the localized energy states formed by potential fluctuation in MQWs.
11 Figure 4͑b͒ shows the optical output power of green LEDs with and without Au nanoparticles in p-GaN as a function of injection current. The optical output power of LEDs was measured from the top side of LEDs using a 2 cm diameter Si photodiode connected to an optical power meter. As shown in Fig. 4͑b͒ , the optical output power of LEDs with Au nanoparticles is much higher than that of the LED without Au nanoparticles. The optical output power of green LEDs with Au nanoparticles is increased by 86% at 20 mA of injection current compared to those of conventional LEDs without Au nanoparticles. The large enhancement of optical output power can be attributed to an improvement of int in MQW due to an increase in the spontaneous emission rate by resonance coupling between the excitons in MQW and LSP in the Au nanoparticles. Figure 4͑b͒ also shows the enhancement ratio of optical output power as a function of injection current. As shown in Fig. 4͑b͒ , the maximum enhancement of 2.15 is observed at a current of 10 mA. However, the enhancement ratio decreased rapidly and leveled off at 1.6 as the current approaches 60 mA. The decrease in the EL enhancement ratio is attributed to the screening effect of excess charges in MQW by the high injection current, which results in a decrease in exciton dipole coupling with LSP. 5 In summary, we demonstrate the SP-enhanced green LEDs by using Au nanoparticles embedded in p-GaN. The PL measurement showed the improved optical properties of LEDs with Au nanoparticles due to an increase in the spontaneous emission rate by QW-LSP coupling. The large enhancement of optical output power of 86% is attributed to an improvement in the int of MQW due to the coupling between the excitons in MQW and the LSP in Au nanoparticles embedded in the p-GaN. 
